Climate change continuously affects African farmers that operate in rain-fed environments. Coping with weather risk through credit and insurance markets is almost inexistent as these markets are imperfect in the African economies. Even though land fragmentation is often considered as a barrier to agricultural productivity, this article aims at analyzing whether land fragmentation, as an insurance alternative, is able to reduce farmers' exposure to weather variability. In order to address this research question, I use the Living Standards Measurement Study-Integrated Surveys on Agriculture (LSMS-ISA) data on Uganda. After dealing with the endogeneity of land fragmentation, I find that higher land fragmentation decreases the loss of crop yield when households experience rain deviations. Therefore, policy makers should be cautious with land consolidation programs.
Introduction
Global warming is a crucial issue for the African continent and it is expected that its impacts will be even more severe in future. At the same time, Africa is the least responsible for global greenhouse gases (GHG) emissions, but it would be the most affected by their consequences as its adaptive capacity is very low [Collier et al., 2008] . The majority of the population lives in rural areas and is engaged in the agricultural sector which is highly sensitive to weather variability. Because of the lack of irrigation infrastructure, weather conditions affect directly agricultural production and livelihoods [Barrios et al., 2008 , Schlenker and Lobell, 2010 , Kahsay and Hansen, 2016 . Also, climate change increases the frequency and the severity of extreme events. As a result, a great part of the population in Africa experienced already a variety of stresses and shocks [Barrios et al., 2008] . Extreme events, such as floods and drought, have serious impacts on agricultural production, but gradual changes in climate can be consequential on agricultural production too. These effects are amplified by the limited capacity of African countries to deal with it. Possibilities to deal with weather risk through credit and insurance markets are almost inexistent as these markets are imperfect in the African economies.
1 Due to the lack of access to these markets, households employ different arrangements in order to cope with covariate shocks. Among others, they choose sub-optimal low-risk/low-return portfolios, or diversify the sources of income by working in the non-agricultural sector or by migrating. This article aims at verifying whether land fragmentation is an alternative for households to cope with weather shocks.
Land fragmentation is the practice of farming a number of spatially separated plots of owned or rented land by the same farmer [McPherson, 1982] . It is a phenomenon that is observed in many countries especially in developing countries. According to the World Agricultural Census by FAO, the average number of parcels operated by a farmer is 3.5 worldwide during [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] . Land fragmentation is often considered as a barrier to agricultural output and productivity. There is empirical evidence that increases in land fragmentation lead to lower agricultural output and agricultural productivity [Wan and Cheng, 2001 , Rahman and Rahman, 2009 , Van Hung et al., 2007 , Tan et al., 2010 .
Another obstacle associated with land fragmentation is the distance between parcels.
In particular, when parcels are dispersed, travel time and costs in moving labor and machines can increase. In this sense, it was shown in the literature that land fragmentation increases costs of production and cost of labor [Shuhao et al., 2008] . In addition, land fragmentation can hinder machinery use by farmers [Foster and Rosenzweig, 2011] .
Other drawbacks of land fragmentation are fencing costs, small size and irregular shape of parcels, and conflicts among neighbors [Demetriou, 2013] . However, there is not a consensus on whether land fragmentation has a negative impact on agricultural outcomes.
2
Blarel et al. [1992] find that the level of land fragmentation has no significant impact on yield and therefore reject the hypothesis that fragmentation is inefficient in the case of Ghana and Rwanda.
Land fragmentation can in fact also provide benefits to farmers. It can facilitate risk management through seasonal and spatial diversification of crop production [Blarel et al., 1992 , Bentley, 1987 , Van Hung et al., 2007 . This would reduce the exposure of farmers to climatic variability and disasters as production risk is spatially spread. McCloskey [1976] is among the first economists to document the ability of scattered parcels to reduce the crop production risk. Blarel et al. [1992] found that land fragmentation reduces the variability of agricultural output per acre. Fragmentation also allows for adjustments of household labor across seasons as crop scheduling is feasible when parcels are scattered in different locations with different agro-ecological characteristics [Fenoaltea, 1976] .
Furthermore, land fragmentation improves agro-biodiversity as crops are better matched with the operated soil types [Di Falco et al., 2010] .
This article aims at analysing the ability of fragmented land holdings of farmers to reduce their exposure to weather variability. More precisely, the objective is to study empirically whether households with higher degree of fragmented land incur smaller reductions in their agricultural income when they are subject to rainfall irregularities compared to households with more consolidated land. Two dimensions of land fragmentation can improve the ability of farmers to diversify weather risk: the physical distance between the parcels and the different agro-ecological characteristics of the different parcels. The contribution of the paper is twofold: it does quantitative research on the incidence of fragmentation on agricultural income by taking into account rainfall variability, which to the best of my knowledge, has not been addressed by the literature; and it contributes to the cost/benefit debate of land fragmentation in the case of Uganda.
In order to test whether land fragmentation may reduce the income loss from exposure to rainfall variability, I estimate the impact of the degree of land fragmentation on agricultural yield of a household. Land fragmentation is measured by the number of parcels that the household owns and also by a Simpson Index calculated for these parcels. This index combines the number of parcels and the distribution of area among the different parcels.
An important issue that arises is that land fragmentation can be affected by some unobserved factors that influence agricultural income (management ability, entrepreneurial spirit). Also, farmers may be able to choose their level of land fragmentation in order to deal with production risk. This is the case when land markets exist and land can be traded or rented. In order to deal with this issue, I instrument the fragmentation in Because of the widely perceived inefficiencies of land fragmentation, some countries like Kenya, Tanzania and Rwanda, have adopted land consolidation programs. The aim of this article is not to fully support land fragmentation as it is shown by the literature to be detrimental for agricultural productivity, but to argue that in some cases it can provide insurance possibilities. If land, labor and insurance markets are imperfect, land fragmentation offers households a risk-mitigating tool with possibility to spread labor over seasons and provide food security. If the labor market is imperfect, labor supply is fixed by the household endowment and there is an important need to spread labor temporally.
Moreover, farmers fail to cultivate land due to land market imperfections rather than its small size or fragmentation. Therefore, addressing land, labor and insurance market imperfections can be more suitable for agricultural productivity than land consolidation programs.
Background
The Constitution of Uganda includes customary, freehold, mailo and leasehold tenure systems recognized by the Land Act of Uganda 1998. The mailo system consists of a sub-division of land where the basic unit is a square mile, hence the name mailo. Mailo land is owned with individual property rights certified by a land title. Similarly, freehold land holders have full powers of ownership over their land. This implies that the holder can use it for any purpose and sell, let, lease and dispose it off. Leasehold system is a system of owning land for a particular period of time. The leasehold transactions are contractual and allow both parties to define the terms and conditions of access and usage.
Customary tenure system dominates the other systems. According to the FAO, it represents 75 percent of the total land which makes it the most common form of tenure in the country. Land is therefore mainly governed by customs, rules and regulations of the community. Due to these regulations, the main cause of land fragmentation is the inheritance system. In Uganda, population growth together with the traditional inheritance protocols are supposed to be the most important driver of the increased land fragmentation [Nkonya et al., 2004] . For instance, when the head of a household dies, his land is sub-divided among his sons.
3 The higher the number of male members of the family the lower the piece each member gets. But, division of land can be made also premortem through gifts or transfers and sometimes can be unequal among family members. Bank indicators, about 84% of the population of Uganda lives in rural areas in 2014. As the agricultural production is of the subsistence-type and rain-fed, Ugandan farmers are much exposed to weather variability and verifying whether land fragmentation can allow for reducing its impact on agricultural income is crucial.
Data and descriptive statistics
In this The average number of cultivated and owned but not cultivated parcels by households Table 2 . The share of inherited land has increased over the years and the share of inherited parcels stands for half of the total parcel holdings of a given household.
Household heads have on average 46 years, are mostly male (about 70 percent) and have on average attended only primary school. Only two percent of the households did not receive any education. The average number of adult members of the households is around 3. The average size of the cultivated land is 4.6 acres and the soil quality is mostly The data used to construct the rain deviation variable is the TS3.21 dataset from the Climatic Research Unit of the University of East Anglia. It is monthly average data on precipitations from high-resolution grids, 0.5 x 0.5 degrees, that cover more than one century . The precipitation anomalies are constructed as deviations at time t in the district d from the long run annual mean divided by the long run annual standard deviation of the given district, es in the following equation:
where RAIN dt coresponds to the annual level of rainfall in the district d, µ dLR is the long run (LR) rainfall mean in the same district and dLR is the standard deviation. From the descriptive statistics in Table 1 , we can see that the average rain deviation in the 80 districts included in the sample is 0.7 with the minimum being 0 and the maximum rain deviation being 2.6 in absolute terms. Figure 2 gives the absolute rainfall deviation for the different districts in Uganda in different years in the sample. The size of absolute rainfall deviation increases over the period which might be linked to the consequences of climate change.
Empirical strategy
In order to test whether land fragmentation may reduce the loss of agricultural income form rainfall variability, I estimate the following reduced form equation:
where Y ht represents the value of total agricultural output of household h in time t.
The total agricultural output is evaluated at mean community prices for each crop that the given household produces. The dependent variable is the ratio between the value of the agricultural production and the total land cultivated in acres, and this equals total agricultural yield per acre in value. A ht represents the total cultivated land net of land under fallow. X ht accounts for the household socio-economic characteristics such as the number of adults which is a proxy for the labor endowment, education, gender and age of the household head and access to extension services.
The degree of land fragmentation of the household is given by the variable F ht . Land fragmentation is usually measured simply by the number of parcels that the household operates. 5 This variable includes the parcels that a household owns and rents. Among the owned parcels, households mainly inherit the different parcels and a lower part of them is purchased.
The Simpson Index is also used in the literature [Blarel et al., 1992 , Shuhao et al., 2008 . It is defined as:
where n is the number of parcels and a it is the size of parcel i in time t. A Simpson index close to zero means that the land of the household is completely consolidated; there is only one parcel. The closer the value to one, the more fragmented the land of the household is. The value of the Simpson index is therefore determined by the number of parcels, the average size of the parcels and the parcel size distribution. This index does not take into account the total size of the land holdings of the farmer, the different characteristics of the parcels and the distance to the parcels. Therefore, Z ht controls for land quality. A concern when estimating Equation (2) is that land fragmentation is affected by some unobserved factors that influence agricultural income (management ability, entrepreneurial spirit). Also, farmers can choose their level of land fragmentation in order 5 Parcels under fallow are also included in the number of parcels operated by the household.
to deal with production risk. This is the case when land markets exist and land can be traded or rented. However in the case of Uganda, as land markets are incomplete we can assume that trading land is not entirely feasible. Still, the degree of land fragmentation of the household can be at least partially chosen. In order to deal with this endogeneity issue, I instrument the fragmentation in operated land with the fragmentation in inherited land, as inherited land fragmentation is exogenously imposed on the household through the inheritance process [Foster and Rosenzweig, 2011] . The other first-stage equation is therefore:
where N inherited is the number of parcels inherited by the household i in time t.
The interaction variable, RAIN dt ⇤ F ht , in Equation (2) is also endogenous and it is instrumented with the interaction term between rain deviation and number of inherited parcels. The other first stage equation is therefore given as:
Results
In this section the results from the estimation of Equation (2) are presented. In Table   2 , I use the number of parcels n as a measure for land fragmentation and in Table 3 this is measured with the Simpson index described before. In both tables Ordinary Least
Squares (OLS), Panel fixed effects (FE) and Panel Instrumental Variable (IV) estimations
are included. Columns (2), (4) and (6) in each table include the soil quality index that is constructed for the last three rounds, as the data on land quality is missing from the first round, thus these estimations are run on a smaller sample.
First stage results
Before discussing the second stage results, I comment on the results for the first stage estimation and the validity of the instruments. Table 3 gives the first stage results of land fragmentation measures and suggests that the number of inherited parcels has a positive and significant impact on the number of owned parcels and on the Simpson index. If the land markets in Uganda were perfect, the coefficient in column (1) in Table 3 of the inherited fragmentation would have the value 0 as households can freely decide about the number of parcels they want to operate. The closer this coefficient is to 1, the more the household land fragmentation is determined by inheritance.
Concerning the validity of the instrument used, the Sargan statistic is 0 which indicates that the Equations (4) and (5) are exactly identified. The F-statistic is higher than 20 in both estimations and higher than the Stock and Yogo 10 percent IV size which indicates that the instruments are valid. 
Main results
The estimation results of Equation 2 are presented in Tables 4 and 5 Table when interpreting the results. In order to quantity the results, we have to take into consideration that the estimation equation is in a semi-log form. According to Table 4 , one parcel more reduces the agricultural yield by 25 percent if the farmer does not experience any rain deviation. As expected, higher fragmentation leads therefore to lower yield per acre. Regarding the impact of rain variability, if we consider for example that the number of parcels of a farmer equals two, one rain deviation more will decrease the yield by 22 percent. If the household has the average number of parcels, 2.35, then this decrease of the yield is reduced to the level of 6.6 percent. If we assume a rain deviation equal respectively to 0.5 and 1 standard deviation, then the agricultural yield decreases by 3 percent in the first case and increases by 19 percent in the second case when the number of parcels is increased by one unit.
These results are robust to the alternative measure of land fragmentation, the Simpson index, in Table 5 This confirms our ex ante hypothesis that land fragmentation can be beneficial for those households that are exposed to higher weather irregularities. The results demonstrate that the higher the rainfall deviation, the higher the beneficial effect of more fragmented land ownings.
From the estimated model, we can predict the yield for each level of rain deviation by considering the degree of land fragmentation. This is illustrated in Figure 2 . 7 For households that have one parcel and do not face any rain deviation, the predicted yield is the highest. On the contrary, households that operate 5 parcels have the lowest level of predicted yield when there are no rain deviations. If rain deviation increases, the yield of the most consolidated land (n=1) decreases and the yield of the most fragmented land (n=5) increases. Land fragmentation can therefore be perceived as detrimental for households that are not exposed to rainfall variability. But, land fragmentation can be beneficial for households that face higher rainfall variability and do not have access to other forms of insurance. Considering the results in Table 4 column (5), the threshold above which a household can realize benefits form land fragmentation is 0.6 standard deviation in rainfall. If household faces a standard deviation in rainfall that is higher then 0.6, then having more than 3 parcels to operate will not decrease its yield. When considering the other covariates in Tables 4 and 5 , having a household head that is older increases the yield. This result should be linked to the experience of the household improving agricultural efficiency. In addition, a household head with primary or secondary education earns a higher agricultural yield compared to household heads with no education. The impact is even higher in the case when the head has secondary education compared to the primary education. Concerning the production factors, labor and land, an increase in the number of adults has a positive impact on the agricultural yield. However, there is a negative relationship between the size of the cultivated land and Figure 3 : Predicted yield for different levels of rain deviation and number of parcels the yield. In the literature it was shown that in the case of some developing countries there is an inverse relationship between farm size and productivity [Carletto et al., 2013] . The higher the soil quality index, that refers to a worse soil quality, the lower is agricultural yield, as expected.
Robustness tests
As a robustness check, instead of only taking into account the number of parcels, Table   6 includes the number of parcels with different soil type and soil topography which gives a more detailed aspect of risk diversification of a land holding. The results are consistent with what was previously found. With a higher number of parcels with different soil types, the lower is the impact of agricultural yield of a rain deviation. However this is not verified for the number of parcels with different topography. Even land with low degree of steepness can contribute to lower water infiltration and water runoffs. This might be a possible explanation why a higher number of parcels with different slope does not reduce the impact of rainfall variability on productivity. The other covariates have similar impacts as in the previous estimations. Another robustness check is to include the average distance to the parcels in order to account for the time cost. The information on distance is only given for the three last survey years, thus the sample size is thus lower. The results are given in Table 7 . The average distance is calculated as the average of the time that it takes for a farmer to arrive to the different parcels. As expected, the higher this average distance, the lower the agricultural yield. The previous results and conclusions on land fragmentation and its interaction with rain deviation do not change when I control for the distance. We might expect that households that hold higher number of parcels can potentially overestimate the size of their holdings. Subjective appreciation of the size of land holdings might be biased and therefore the calculation of agricultural yield could be inaccurate.
One of the advantages of the dataset used in this chapter is that GPS measurements of parcel size are included for 70 percent of the parcels. In order to verify whether the previous estimates are robust, I test whether there is a significant difference between the subjective measures of acreage of farmers and the GPS measurement.
8 I only take into account households that have both measures for each of their parcels (which is the case for 45-55 percent of the households in the sample). I test the difference between the two measures and the null hypothesis that this difference is equal to zero cannot be rejected for each year of the survey and all years combined. Moreover, I run the test for each year of the survey by level of land fragmentation and no significant difference is found for the different number of parcels. These tests seem to indicate that the main results are robust, at least with regard to measurement error in land holdings.
In order to account for another climatic factor than rainfall, temperature deviations are included in the estimation in Table . When comparing the previous results to the results included in Table 8 , we observe that there is no difference in terms of magnitude and statistical significance. The coefficients of the interaction terms between rain deviations and temperature deviations with the degree of fragmentation are positive and statistically significant which confirms the ex ante hypothesis. Compared to rainfall deviations, it is puzzling that annual temperature deviations are not harmful as such for agricultural productivity in Uganda.
Discussion: Indirect effects of land fragmentation
Finally, as discussed previously, the literature that studies the benefits of land fragmentation has argued that it leads to higher crop diversity [see among others Di Falco et al., 2010] . Because of the different agro-ecological characteristics of the fragmented parcels, crop diversification is more feasible because it matches the soil type and quality to the features of the crops. Land fragmentation could therefore have an indirect effect on the exposure of households to rainfall variability through the ability to increase the crop diversity. Figure 4 represents the average number of crops cultivated for each number of parcel.
The number of cultivated crops increases with the level of fragmentation. For households cultivating only one crop, the average number of parcels for these household is 1.5. More consolidated/fragmented land holdings lead to higher crop specialization/diversification.
In Table 9 , I present the results from a reduced-form estimation that tests the impact 8 I run a paired t-test in STATA for both measures. 
Conclusion
The aim of this chapter is to explore the role of land fragmentation when agricultural households face rainfall variability. Even though land fragmentation is mainly considered as detrimental for agricultural productivity, there is some evidence that it can allow for reduction in production risk. I use the LSMS-ISA data from Uganda to analyze the question. After instrumenting for the level of fragmentation, I find that higher land fragmentation decreases the loss of crop yield when households experience rain deviations. Robust standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1 Note: The set of controls are cultivated land, labor, sex, age and education of the HH head and land quality index.
The results show that the higher the deviation, the higher the beneficial effect of land fragmentation. The results are robust when including different alternative measures of land fragmentation, average distance between the parcels and temperature deviation. I also find that labor endowment and education are crucial for the agricultural productivity.
The results in this chapter indicate that developing countries should be cautious with the policy of land consolidation. If insurance markets are missing, then land fragmentation can be an alternative for farmers operating in rain-fed environments. Therefore, instead of focusing only on land consolidation programs, the imperative of policy makers might be more focused on improving other imperfect or missing markets that influence agricultural productivity.
